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to increase productivity and to lower the silica in tlu:· final 
concentrates. 

PROCEDURE 

Tht' used in this ·study were obtained by a sys
tematic sampling of two commercial taconitc operatiom 
supplemented hy materials obtained from pilot plant studies 
at the Mines Experiment Station. The approach used was 
to trace through the various plant operations to the final 
concentrate the changes in the nature of the 100/325-mesh 
material brouJlht into the circuit as rod mill cobber concen
trate. Grain slides were prepared for microscopic study, 
and Jlrain counts made from samples of both commercial 
plant products and pilot plant products produced at the 

Experiment Station. A distinction was made in the 
grain counts between three types of particles: ( l) mag
netite particles containing over 90Cff opaque mineral, ( 2 ) 
middling particles containing from 5 to 90'7c opaque min
eral, and ( 3) JZangue particles containing less than 5o/c 
opaque mineral. The counts were based on 750 particles and 
the accuracy is estimated to be within ::t:5o/c of the given 
\'alue. , The conclusions in this study are based on major 
shifts in the relative percentage of magnetite and middlings 
and are well within the experimental error of the grain 
t.'Ounts. 

DISCUSSION 

Ratios of Free Magnetite to Middlings 
in Plant Products 

The work included a study of aJl plant products; how
ever, the most significant data were obtained from the cob
ber concentrate, cyclone overOow, hydroseparator under
ftow, and finisher magnetic separator concentrate. The dis
tribution of free magnetite, middling particles, and gangue 
in the rod mill cobber concentrate as a function of the 
grain size is shown in Figure 1. Jn the 150/200-mesh frac
tion about 50</C of the particles are free magnetite. This 
percentage increases progressivelr with improved liberation 

Wlti COUNTS ON CRUDE ORE (RM COBBER CONC.) 

Type of Vo l1111t Ptrctntagt 
Ptrttele 10 20 3(J 40 50 60 70 80 90 

ll1gntttt1 53.4 

f--•--U.4 : Mlddl ings 

Gangue • 2.2 

Magnetite 58.0 

Middlings 

Gangut ••• 4.2 

Magnetite p,+=- 23.l 

74.9 
270/325 Middlings 

Gangue • 2.0 

Magnetite 

f.• .. 6.8 

92.4 

J;;S/500 Middlings 

Ga119ut • 1.6 

FIGURE 1. Bar graph showing the relative abundance of free mag
netite, middlings, and gangue in the cobber concentrate. 
Over 50% of the 150/200-mesh fraction consists of free 
magnetite and the percentage increases with finer grinding 
in response to improved liberation 
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GAAfft • • PLANT PAooucg 

Typr of YolUfllr Ptrunt19e 
hoduct lC 20 JO 40 so 60 7(· a: 90 

H19ntl llr f·--··-u.• Sl.4 
Cobbt!r 

Htddl 1n9s toncentn ir 
C.angur • 2 .2 

Hagntl i tr t=2U Cyclone H1ddli119s ..................... s4:0 
O'Flow 

r.angut .6 

Magnftltt r.:::.=u ltydroclau 
M1ddl 1n9s --so.1 Un' flow 
'4!119ue ..... 2e. 3 

M19net1tt f.7=.7 Final Hlddll119s -·--69.9 toncentratt 
r.angut 4 

FIGURE 2. Bar graph illustrating the dramatic change in the rela
tivt abundance of free magnetite and middlings that takes 
place in the 150/200-mesh fraction. The ratio of magnetite 
to middlings changes from about 1 :1 in the cobber concen

to about 0.3:1 in the final concentrate 

in the finer size fractions; at 325/500 mesh well over 90% 
of the particles are free magnetite. Although the percentage 
of 100 to 500-mesh material in the rod mill cobber concen
trate is very small, it is representative of the type of ma
terial produced in this size range by the ball mill· in closed 
circuit grinding. This was confirmed by experiments in 
which samples of the rod mill feed and robber concentrate 
were stage crushed through successively smaller top sizes 
and the new 200/270-mesh material removed at each stage. 
Davis tube tests run on the "as is" material showed that 
essentially the same particle type distribution was created 
at each stage of grinding. 

There is a continua] evolution in the nature of the in
dividual plus 325-mesh size fractions of the ore in a con
ventional taconite plant as the cobber concentrate moves 
through the fine grinding and concentrating circuits. This 
evolution is illustrated by the data from the 150/200-mesh 
size fraction shown in Figure 2. When the 150/200-mesh 
fraction enters the circuit in the cobber concentrate, it con
tains 53.4 o/c of free magnetite. In the cyclone overffow, 
however, it contains only 24.4o/c free magnetite and 54.0% 

GRAIN COUNTS • 200/27111 • PLANT PROOUCTS 

TyPt of 
Product P1rtlcle 10 20 

VolUlllt Ptrctntagt 
30 .c so 60 70 80 90 

Magnetltt 

[··---·····- 37.8 

58.0 
Cobbtr Hlddl tngs 
tonttntratt 

Gangut ••• 4.2 

Ha9n1titt 76.8 
Cyclone Middlings -·-··---·-.. 47 .1 O'Flow t. ................... 26. l lian9w1 

H1gntti le JS.2 
ltydroclass. M1ddhngs 

··--·--· .. 43.5 Un'flow t. ............... 21.l G1ngut 

Magnet 1 tr 24.8 
Final H1ddlin9$ ••H••••••••••M• ............... ••••68.D Concentrate 

G1n9ut ..... 7 .2 

FIGURE 3. The same shift in the relative abundance of magnetite 
and middlings described in Figure 2 for the 150/200-mesh 
fraction takes place in the 200/270-mesh fraction. The ratio 
of magnetite to middlings chong11 from 1.5: 1 in the cobber 
concentrate to about 0.3: 1 in the final concentrate, despite 
the improved liberation of the ore 
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middling particles d111• to tlw l!radty l'fft·d in the cyclone. 
Tiu.• sanw sizt· frn<:tion in !\llt'L't's'i\ l' !\lill!I'' of co11L'entrn
tion, i.e., in thl' hydroclassifit•r 1rncl1·rllnw and in the finisher 
ma~nt.'tic separator conce11trnt1·, shows an incrt•ase in the 
ratio of 111itldlin).!s to frl•e 11ia.l!llt'tite. Tl1t• final concentrate 
contains 23.i"; frt•t• maJ,!ndite atl(I (iH.w: middling-type 
particles. The 1wxt smaller size fractio11 at :.?ff t/:270 mesh 
shows much tlw same distribution ( Figtm• :3 . . This size 
fradion of tlw cobber conct•ntratc wmes into ll1c· plant con
tainin~ .)8.0"; fret• magnetitt· \\'ith :31.w: 111iddlrngs and in 
tlw fin.11 concentrates corn.ists of ::?-L8'·; free 11iat.tnetite and 
68.o~~ middling partides. :\)!aiu tlw ratio of free magnetite 
to mid<llings is esscutially rt•\'erst•d in tlw process. 

Tht• same trends are obst~n·ed in all of tlw <:oarser size 
fractions and are, as l'Xpe<.'ted. mon· accentuated in the rela
tive!)' coarse sizt• rangt•s and t'sseutially dbappear in the 
fine sizt•s at .500 mesh. The prohlt~ll) is illustrntc<l in the 

FIGURE 4. Photomicrographs illustrating the relative abundance 
of middlings in the 150 1 200-mesh fraction of the cobber con
centrate 1.fa 1 and of the final concentrate 14b I. These prod
ucts were obtained from a plant treating a taconite that 
hos relatively good liberation characteristics 

Sa Sb 

FIGURE 5. Photomicrographs illustrating the relative abundance 
of middlings in the 270: 325-mesh traction of the cobber con
centrate 1 Sa I and in the final concentrate 1Sb1. These prod
ucts were obtained from a plant treating a taconite that has 
relatively poor liberation characteristics. Figure So shows that 
a substantial percentage of the 270 325-mesh traction of the 
cobber concentrate had been liberated 
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photomicrographs of Figures 4 and 5 which compare exam
ples of the cobber concentrate us it comes into the grinding 
circuit with equivalent size fractions in the corresponding 
final plant concentrate. The relative increase in the per
centage of middlings is clearly illustrated. 

Problems To Be Solved 

The first problem is whether this increase in middlings 
represents a real gain in the absolute percentage of midd
lings as it goes through the process or whether it is merely 
developed by the selective comminution of the free mag
netite. The second problem is whether the middlings pro
duced in this manner are normal middlings that represent 
the inherent mineral distribution in the ore or whether the)' 
are a type of middling synthesized in the process itself. 

Grinding Analysis 

Some insight into this problem can be obtained bv tak
ing a sample of rod mill cobber concentrates, batch grfuding 
it to 90% minus 325-mesh, and comparing the plus 325-mesh 
material produced by this means with that found in the 
corresponding plant concentrate at an equivalent grind. The 
plus 325-mesh material produced by batch grinding followed 
by magnetic concentration contains 64.4% iron (Table I). 
whereas this same size fraction from the plant concentrates 
contains only 45.7% iron. There is also a corresponding in
crease in the percentage of middlings in the plus 3:?5-mesh 
size fractions of the plant concentrates. The grain counts 
show only 33.1 ~ middling particles in the batch-ground 
rod mill cobber concentrate compared with 53.4'C in the 
plant concentrates. By using these data and by making some 
assumptions as to the specific gravity of the magnetite and 
gangue based on their iron content, it is possible to calcu-

TABLE 1. Groin Count Doto 

Cobher Concl'ntrate ( +325 ~lesh J 

Wt Fe ~lal(netite ~liddlin"-5 C1UJirur 
~lesh ";, ,.,.,, ,..,, ,... 

";, " 
-1.50 O.i 53.4 64.H 31.8 3..a 
-:?00 l..'> 60.5 .'13.4 ....... :?.;! 
·~;?70 4 ., 64.9 .')8.0 Ji.8 ..... 
-325 3.6 67.5 i·&.9 :?3.1 :?.O 

Total +J2.5 ... 10.0 64.4 63.9 JJ.1 J.O 

Final Cunccnlralt• ( -;};?,') ~lt'sh I 

Wt Ft' \lal(nl'litt' \fiddlings G.mcu" 
\lesh "':; .~ ,,. 

" ~ .. " 
..... 150 O.i 39.7 40.4 .')J.O 6.1 
-200 l..'5 30.6 23.i H9.9 6.4 
;~70 ·&.2 ·U.!I 24.8 68.0 -:.2 
-325 3.6 .'}7.7 66.9 :?9.5 3.6 

Total +.')2.5 10.0 45.i 40.9 .';3.4 .;::-

Results of ~rain t.-ounts on tht' plus 325-mesh fractions of the 
tinal 1:oncentmtl' and on the plus 325-ml'sh fractions of tbp c:ones
pon<linl( cohbl'r t.·oncenlrntt' icruund lo 90~. minus 32S m"h. The 
Jata ~how .1 superahnndance nf middlinl(!I in t.-onpspondinc size 
fractiom nf the final concentrate. 



134 

late the average iron content of the middlings produced in 
each case. The middlings produced in the batch-ground rod 
mill cobher concentrates (Table 2) art: calculated to con
tain 55.0'iC iron and 18.2% silica. The middlings in the cor
responding plant concentrates contain only 20.0'iC iron and 
58.9<i< silica. These calculated middling analyses are rela
tive \'alues, rather than absolute, but there is a clear indica
tion that the type of middling produced in the plant con
centrate is much lower in iron than that produced by hatch 
J?rindinJ! of rod mill cobber concentrate. The distribution of 
tht' silica in the plus 325-mesh fraction (Table 2) shows 
0.5 to 0.8 silica units tied up in the uiiddling particles in 
the batch-ground material, whereas in the plant concen
trates from the corresponding ore, 2.6 of 3.0 silica units 
are associated with middlings. The fact that almost fivt' 
times as much silica is associated with plus 325-mesh midd
lings produced in the normal plant concentrates, as might 
be anticipated from looking at the crude ort• as it comes 
into the plant, lends some credence to the contention that 
some of the middling problems are inherent in the process. 

TABLE 2. Distribution of Fe and Si02 

Cobber Concentrate ( +32.5 Mesh) 
SiO: 

Wtc;c Fe% SiO:i Dist% 

Magnetite .......... 69.4 70.0 2.0 17.1 
Middlings ............ 28.6 55.0 18.2 63.4 
Gangu" .................. 2.0 8.0 80.0 19.5 

100.0 64.4 8.2 100.0 

Final Concentrak ( +325 Mesh ) 
SiOt 

Wt~· Fe% SiO:i Dist% 

Magnetite ......... 52.S 70.0 2..0 3.5 

Middlin,s ····-······ 43.l 20.0 58.9 84.7 

Gantzue ·-···--····- 4.4 8.0 80.0 11.8 

100.0 .f5.7 30.0 100.0 

SiO: 
Units 

0.1 
0.5 

• 0.2. 

SiO:r 
Units 

0.1 
2.6 
0.3 

Thf' data from Tablf' 1 havf' been usNl to calculate the ap-
. proximate iron content of tbf' middlings in the' plus 325-mesb frac

tions of thf' final concmtrate and of the cobber concentrate, Thl' cal
culations show that tht> middlings in the final concentrate are much 
lower in iron than the middlings in the cobber concentrate, 

Ball M~ll-~yclone Product Analysis 

If middlings are synthesized in the process then the 
critical steps \\ill involve the cyclone-ball mill closed circuit, 
because this stage determines what type of material goes 
on to the 6nal concentrating steps. The grain count data, 
combined with the -screen analyses, were used to work out 
a particle balance around the cyclone. The data show that 
relative recovery of magnetite and middlings in the cyclone 
overflow is a function of particle size. In the 325/500-mesh 
size fraction over 503 of both the free magnetite and midd
lin~s coming into the cyclone appear in the overflow. In the 
progressively coarser fractions the recovery of free magnetite 
drops off rapidlr and in the 200/270-mesh size fraction re
covery is less than 53. Recovery of middlings in the over
flow follows a parallel course but does not decrease as rap-
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FIGURE 6. Groph showing the recoveries of magnetite and midd
lings in the cyclone overflow as a function of size. The re
coveries were calculated from screen analyses and grain 
count data on the feed, the cyclone overflow, and the cyclone 
underflow 

idly as magnetite recovery and is greater in all size ranges 
(Figure 6). 

A schematic representation of what happens to the 200/ 
270-mesh size fraction is presented in Figure 7. The feed 
contains 63.83 free magnetite and 33.3% middling parti
cles; 2.4 % of the free magnetite is recovered in the cyclone 
overflow; and 6.63 of the middlings are recovered in the 
cyclone overflow. The total weight recovery is about 5.03 
in this size fraction. The particle balance obtained on this 
size fraction does not coincide with what would be ex
pected to appear in the overflow of the cyclone because the 
middling recovery is much too low compared to the mag
netite recovery. The reason the middling recovery should 
have been higher is shown schematically in Figure 8. 

The basis for separation of a given size fraction in the 
cyclone is specific gra\•ity. To obtain free magnetite in the 
overflow the cyclone should make a separation based. on an 
apparent specific gravity as shown, however, this implies 

CYCLONE FEED 

MAGNETITE 16U) 
SP"G 50 

97.6% 

I 
CYCLONE UNDERFLOW 

GAN GUE 
MIDDLINGS 133.3 •4) 12.9%1 
~0--30-

WT. REC. 
/~.O'. 

CYCLONE 
OVERFLOW 

FIGURE 7. The weight recovery in the 200/270-mesh fraction of 
the cyclone overflow and the relative recovery of free mag
netite, middlings and gangue ore shown schematically in this 
figure. The relative recovery of the middlings is too low for 
the observed magnetite recovery 
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FIGURE 8. This figure illustrates that, with any given shi> fraction, 
the basis for separation should be a function of he spec'ific 
gmvity, and that when free magnetite appears ir. 7he over
fk111, the recovery of middlings should be much higher than 
a.:-tually calculated from the grain counts 

that a very high percentage of the middling particles as
sociated with free magnetite should appear in the overflow, 
taken literally it means that some 20 to 30% of the middlings 
should be recovered with 5% of the free magnetite. This 
does not coincide with the balance calculated on the basis 
of the petrographic study which shows much lower middling 
recovery. A similar situation is observed in the otJ1er plus 
325-mesh size fractions. 

Explanation of Results 

Attempts to explain these observations from a theoretical 
viewpoint encounter some difficulties. It is logical to expect 
that the cyclone feed carries n complete suite of particle 
types ranging from high specific gravity free magnetite par
ticles through progressively lighter ~iddling particles which 
contain lower percentages of magnetite all the way to free 
gangue particles. Therefore, there should be a progressive 
increase in the relative probability that the lower-gravity 
particles will appear in the cyclone overflow. If a single size 
fraction is considered, and if all other factors, such as sur
face irregularities, shape, and porosity, are equalized, the 
principal factor alf ecting the probability that a given particle 
will appear in the cyclone overflow is specific gravity. 

In a simplified approximation it is possible to relate the 
probability that a particle will appear in the cyclone over
flow to its settling velocity, or its acceleration in the currier 
medium by one of the expressions below: 

Stokes: V = K(d. - d1,)D-.i 
Rittenqer: V = C[D ( d. - d 11 ) ]! 
Fontein1 S = ~'2 g (d. - d,.) e 

<l. 

p == v =(cl. - cl11)-1 

p = v = (d. - <l11)-l 
p = s = (cl. - dp )- 1 

d. 
The fact that tht.•se expressions on the left simplify into the 
expressions on the right indicates that the probability for a 
particle of given size to appear in the owrffow is primarily 
a function of the specific gravity of both the particle an<l the 
carrier medium. Vsing these formulas, the relative proha
bility that a given type of middling particle will appear in 
the overflow is shown in Figure ~). The two Hatter curves 
are calculated from Stokes' and Hittcnger's assumptions. 
The curves with the sharp inflection points were calculated 
usinJ.C the expn•ssion from Fontein. It is not possible to apply 
any of these relative prohabilitiL•s directly to the cydone 
fee<l and satisfy the rec1uirements for magnetite and midd
ling recovery and maintain the ratio of nrn~nt•tite to mi<lcl
lini.ts ohservt-d in tht' cyclone overflow. It is possible to 
obtain the ohscrve<l recovery, or ohtain the observed rutio 
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FIGURE 9. Graph shbwing the relative probability thot a particle 
of a given specific gravity will appear in the overflow, based 
on the assumption explained in the text. The calculated 
probabilities do not explain the observed recoveries of mag
netite and of middlings in the cyclone overflow 

of maiznetite to midcllirn~s. but not simultaneously. This 
leads to consideration that perhaps the separation of a given 
size fraction in the cyclone is a combination of more than 
one factor and not just a mutter of its relative specific 
gravity. It is proposed that a given size fraction of cyclone 
feed yields two types of samples in th~ overflow: ( 1 ) a 
"random" sample consisting of a statistical samplin~ of the 
foecl comin).! into the cyclone, somethin~ normally asso
ciated with short circuitin~, and ( 2) a "desi~n" sample con
sisting of partides that belon~ in the overflow because of 
their specific gravity. This concept is illustrated in Figure 
10 where the 200/2i0-mesh cyclone feed is represented 
schematkally by the shaded circles to indicate the free 
magnetite un<l middling particles. 
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FIGURE 10. This figure illustrates schematically how it is possible 

to consider that the cyclone overflow is composed· of two 
elements: a "random" sample of the feed that appears be
cause of short circuiting and a "design" sample representing 
truly-classified middling particles 
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It is evident that it is possible to al'count for hotl1 ma~
netitc and middling re<.·overr an<l at tlw sanw time to mai11· 
tain the proper middling to free mag11etitt· ratio hy varying 
the percentages of dw .. random" samplt· and tlw .. dt•si1.u1" 
sample components. On this basis it is then possihlt· to modi
fy the relative probahilitr shown earlier iii Figua· H, and · 
to add a "random" sample l'otnponent as sl1owu in FiJ,tun: 
11. This results in u combined prohahilitr for cuch t)'pc of 
particle that will acc.'Ount for both tlw observed recovery, 
and tlu- observed ratio of free ma1metik to middlin:,! in tilt' 
final overflow product. The prec:e<ling observations will ap-
1>ly to the adjacent sizt· fractions hut the rclatiw pt>rl·enta~t· 
of "random" an<l "design" middlin~s will vary. Tlu.• esti-
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FIGURE 11. Adjusting the relative percentages of the "random" 
Mlmple and of the "design" sample in the cyclone overflow 
makes it possible to determine the relative probability that a 
particle which has a given specific gravity and which fulf!lls 
the requirements for both observed abundance and relative 
recovery will appear in the cyclone overflow 

mated relative percentage of a "design" sample and of 
"random" sample for each size fraction calculated from 
the grain count data is shown in Figure 12. The curves 
show that the 325/500-mcsh size fraction is nearly all "ran
dom" on the assumption that material in this size range 
and finer was not effectively fractionated in the cyclone. In 
the progressively coarser fractions the percentage of "ran
dom" sample decreases and the percentage of "design" 
sample correspondingly increases. 

The final make-up of the cyclone overflow is determined 
by the combined effects shown in Figures 6 and 12. In pro
gressively coarser sizes, from 500 to 100 mesh, the total 
recovery of middlings drops from over 50~ to less than 5% 
(Figure 6), and the relative percentage of "design" midd
lings compared to nonnal middlings inl'rcases from Jess than 
lO'iC to over 603. The effect that this hns on the final con
''entrate grade is shown in Figure 13 where the cobber con
centrate grade is plotted against the corresponding final 
concentrate for two diff ercnt operations. The fact that the 
concentrate grades are much lower than tbe corresponding 
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FIGURE 12. This figure shows the relative abundance of the "de
sigr,'' sample in the cyclone overflow, as calculated from the 
grai~ count data, as o function of the particle size. At sizes 
coon.er than 150 mesh, the total recovery is so tow that the 
data are not significant · 

feed materia) reflects the increased percentage of "design" 
middlings in the coarser size fractions. The final concen· 
trates contain hoth free magnetite and 1niddlings in these 
sizl' fractions, and the "design" middlings have to be signifi
cantly lower grade than the analyses of the corresponding 
size fractions of the final concentrate. All the "design" midd
lings produced between 100 and 270 mesh fall in the 20 to 
35% iron range which can be converted to about a 203 
volume percentage. \\1hen such particles are examined un
der the microscope they obviously require grinding through 
500 mesh for liberation. These "design" middlings represent 
as much as 65o/c of the middlings which report in the cy
clone overflow but the)' represent less than 10% of the 
middlings in the cyclone feed. Therefore, the middlings that 
reach tl1e final concentrating stages represent a very small, 
carefully selected fraction of the incoming middling popula
tion which requirt.• extremely fine grinding for liberation. The 
inference from such observations on the plant concentrates 
that the ore requires grinding through 500 mesh for effective 
liberation is seriously in error. The middlings which are 
observed in the plus 325-mesh size fractions are in large 
part inherent in the process rather than in the ore and are 
developed by selectively grinding the higher grade middlings 
and free magnetite and thereby leaving a superabundance 
of lean, "design" mi"ddlings in the cyclone overflow. 

GRINDING PRACTICE RELATED TO THE 
ABUNDANCE OF MIDDLINGS 

There are actually two effects involved in the accumu
lation of a super-abundance of middlings in the final con
centrate. The first effect involves the selective classification 
in the cyclone, just described, tl1at leads to the preferential 
accumulation of "design" middlings with ultrafine magnetite 
inclusions in the plus 325-mesh size fractions. The second 
.effect is the ability of the combination of the ball mill and 
cyclone in closed circuit to actually create a superabund
ance of middling type particles. 
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FIGURE 13. The iron contents of the feed (cobber concentrate) 
and of the final concentrate in the corresponding size range 
ore shown for 2 toconite operations treating different ores. 
The data show thot it is possible to obtain lower-grade prod
ucts in some size fractions from on ore that hos distinctly 
superior liberation characteristics, depending upon the man
ner in which the grinding circuit is operated 

The fact that this type of circuit is capable of creating 
a "false" middling problem is illustrated in Figure 13. The 
figure shows the iron analyses by size fraction for the cob
ber concentrates and the final concentrates from two plants, 
.-\ trnd B. Each plant grinds to about 90% minus 3.:25 mesh 
and their flowsheets are essentially parallel. The difference 
in the iron analyses of the cobher concentrates shows that 
the plants are treating two ores with <listinctly difft>rent lib
eration characteristics, i.e., the cohher concentratl'S from 
Plant A averaue about .5~ hil!;her in iron content. The in
di\'i<lual size fractions, particulurly at 200/::?iO and at 270/ 
:325 mesh, show some striking anomalies: 

Plant ;\. 

~Fe Cobher ';Fe Finni 
~lesh Concentrntc Concentrate Difference 

:?00/:?70 62.l 41.~J -:?O.:! 

:?70/32.5 64.6 ,")Id 6.9 

Pinnt D 

:?00/:?70 .5.5.H -16.:? fl.ff 

:?701325 .58.6 .)7.1 1..) 

The ne~ative diff crential between the final plant concen
trate and the incoming material is siunificantly .ureater for 
Pinnt A than Plant B, despite tht' fact that the feed to Plant 
A contains ahout 6.2~'1c· more iron an<l has a correspondingly 
lower ori~inal middling content. Plant .-\ is producinu lower 
grade middlin~ particles an<l a lower grade final concentrate 
in some size fractions from an ore that by all normal tests 
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and criteria should have much superior concentrating char
acteristics. Microscopic examinations of the concentrates from 
each plant show a superabundance of particles requiring a 
500-mesh grinc.l for liberation. The fact that the treatment of 
two distinctly different ores produces an equivalent, or even 
inferior product in the upper size fractions from the ore with 
the better liberation characteristics can only reflect a con-
dition ·inherent in the process itself. . 

The ability of the process to produce a lower, or equiva
lent grade, final concentrate from higher grade starting ma
terial, as illustrated in Figure 13, can be explainccl by the 
cyclone operation. If the cyclone is operated to give a sharp 
split, i.e., to maximize the percentage of 200/270 and 270/ 
325-mesh material, and to minimize the percentage of 
coarse oversize material, then it makes a less efficient se
paration in these size ranges. This is shown by comparing 
the size distribution and weight recovery for each fraction 
of the cyclone overflow from Plants A and B below: 

Cyclone Overflow 
Plant A Plant B 

~lesh Wt% Wt Rec% Mesh Wt':1> Wt Rec<;,, 
+l.50 ............ 1.2 2.3 +150 ............ 0.8 1.8 
+:?00 ........... 2.1 2.9 +200 ............ 1.9 3.5 
-t-270 ............ 3.8 4"' +270 ············ 6.1 8.9 
+325 ............ 7.0 20.5 +325 ............ 5.3 :?9.6 
-325 ............ 85.9 64.0 -325 ............ 85.9 60.0 

The cyclone operation in Plant A is making a closer split 
and is producing a greater percentage of 270/325-mesh ma
terial, compared to the percentage of 200/270-mesh ma
terial, than Plant B. Using the figures given it is possible to 
compare the relative amounts of 200/270 ancl 270/325-mesh 
material required in the cyclone feed to produce an equiva
lent amount of cyclone overflow. 

PoU11ds of cyclone feed required to produce 100 pounds 
of cyclone overflow in t:ach size fraction 

:\(esh Plant A Plant B 

:!00/270 ............................................. 2380 1120 
270/325 ............................................. 488 338 

These figures show that Plant A requires twice as much 
200/270-mesh material in the cyclone feed as Plant B to 
produce the same amount of 200/270-mesh material in the 
overHow. The reason that this is the case is because the 
cyclone overflow consists of both the "random" and "design" 
type' of sample. The relative percentage of each for a given 
-;ize fraction is c.letenninecl by the operating characteristics 
of the cyclone. However, the feed only contains a limited 
number of "design" particles which reflect its basic libera
tion characteristics; the number of such particles is lower 
for Plant A than for Pinnt B. Consequently Plant A must 
present a greater percentage of each of these given size 
fractions to the cyclone to produce the same overall 86<;';, 
minus 325 mesh in the overflow. While the operator con
centrates on adjusting all of the available parameters in the 
i,?rin<lin!-t·cyclone circuit to achieve a grincl specified as 
some percentaJ.{e passim~ a nominal screen size, a more 
clmnaginJ.{ accommodation is reached between the cyclone 
aml the hall mill that dictates the numher, an<l type, of 
middling particles that appear in the cyclone overflow that 
has little relation to the nature of the primary feed ma
terial. 
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CONCLUSIO~S 

The use of a cyclone in closed circuit with a ball mill 
results in the creation of a coarse middlinJ? ancl silica prob
lem in the final concentrates. The problem is far more 
serious than the simple effect that would he produced by 
selectively over-grinding coarse magnetite and thereby pro
ducing an over-abundance of normal middling type par
ticles. The process actually manufactures an excess of par
ticles in the potential middling size ran~e and then selec
tively extracts an especially refractory type of particle that 
requires grinding through 500-mesh and even finer for ef
fective liberation. The middlings produced and recovered 
in the coarser 10 to 15% of final concentrates, which carry 
as much as 503 of the total silica in the final concentrates. 
are in large part synthesized by the process itself. They will 
be produced rei;tardless of the grind at 90% passin,:! 200 
mesh or at 903 passing 500 mesh. Their relative importance 
increases with progressively finer grinds because they repre
sent an ever increasing percentage of the total silica prob
lem. 

The middling problem can be avoided by replacing the 
cyclones in the ball mill circuit with a screen. The screens 
are separating large)}• on the basis of size, there is but little 
gravity effect, and the circuit is no longer manufacturing 
the particularly refractory middling particles associated with 
the cyclone. The effectiveness of such an approach was 
illustrated in a recent paper in which equivalent concen
trate grades were obtained with a screen in the ~ircuit at 
82% minus 325 mesh, compared with the normally re
quired 903 minus 325 mesh. The explanation offered was 
that this was due to a gravity effect on the screen, how
ever; the foregoing analyses and discussion indicate that 
it is far more likely that the major positive effect was due 
. to the fact that middlings were no longer being manufac
tured in the circuit. 

The other factor which makes it more ,~desirable to place 
screens in the ball mill circuit is the fact that it is not nee-
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essary to attempt a separation at 325 mesh; the effective 
size of separation can be siµnificantly coarser ancl still main
tain equivalent j;?rade in the final concentralt:. The use of 
the screen in this capacity takes advantaJ!t.• of the natural 
liberation characteristics of the ore, and thl' wicle grad<· 
differentia] between the coarse size fractions in the conce11-
trate and in the cobber concentrate disappeari.. Tht~ use of 
screens on the final concentrate, or· flotation, to sej;?regatc: 
the> coarse silica-rich fractions for additional µrinding mny 
lw expedient in some instances. However, the bask proh
lcm stems from the creation of middlings in tlw J?rindini,? 
circuit, and this is where screening has hy far its µrealest 
potential. 

The complexity of the concentration problt•ms associated 
with magnetic taconites requires that tht' inherent libera
tion characteristics of the ore be exploited ai. efficiently a!
possihle. The use of thP cyclone in tht' grinding circuit ha!
tende<l to bury the natural liberation characteristics of tht' 
taconite in a synthesized middling problem. Redesigning the 
circuit to bring free ma,:!netite grains ( Fi,:!ures 4a and Sa i 
down into the final concentrating circuit rather than the 
synthesized middling population (Figures 4b and Sh) has 
so many ob\'ious potential advantages that they do not need 
renumeration here. AlthouJ?h it is clear that screening in 
the ball mill circuit will minimize the tendencv to create 
middlings in the grindin~ circuit, it is possible that equiva
lent results can be obtaned without recourse to screeninJ,! 
by a judicious modification of the classification system. 
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Sinple charges to cyclooe spigot design have given irrproved cyclooe 
perfo:rnance. At Mt Naman Mining tre use of these spigots has allowed tre 
cap:lCity of a dewatering circuit to be increased l::r.>' over 30%. The spigots are 
sinple, inexpensive arrl require oo q:ierator adjustnent. 'lley are suitable for 
use in lx>th dewatering arrl sizing circuits. 

'Ille Mt Newman Mining Beneficiation Plant uses a cx:rrt>ination of WEMX> drums, OOM 
'Mavy m:rlil.Ill cyclones and Reichert CXXleS to pr:-odL¥::e saleable products fran low 
grade iron ores. Hydrcyclooes are used in a nmtler of locations in tre plant 
for sizing am dewaterin;J ?lIJXlSeS . 

'Ille plant was .tuilt using cx:rnrenticnal Krebs am AKW cyclcnes fitted with 
cnwentiooal spigots. 

There were a nUllt:er of locaticns in the plant where irrproved cyclone 
p:!rfonmnce had the potential to irx:xease profitability. The Mt Newnan cyclone 
develq:nent programre has CXI1Ce11trated on :inproving spigot performance in tre 
Reichert cx:nes plant. 

2.0 '1HB:Ri 

'Ille develqnent of a new c:.yclcne spigot started when fr(rluction was being 
affected l::r.>' a dewaterin;J screen that was rot work1rg prqJerly because tre 
c:.yclaie feeding the screen was p.Itting too nuch water ooto the screen. The 
questicn asked was "Why do cawentional cyclcnes serrl so nuch water to 
urrlerflow?". Olce this questioo was answered it was possible to develq> a new 
spigot design hereafter referra:l to as the JD spigot. 

2. 1 O:Ilve.ntiaial Spicpts 
Fig. 2. 1 s:OOWS the cross sectia'l of 
a cyclooe with a oooventiooal spigot 
qerati.rg oo water ooly. The air 
cxre oootracts at the spigot ero of 
the cyclooe. The miln rea5a1 far 
this is the reductioo in the awrage 
cmjU}.ar velocity of the li~d as it 
noves towards the spigot en:1 of the 
cyclooe. 

'!bin layers of liquid slow down 
faster than thick layers. Fbr this 
reason cx:xiventic:n:t.l cyclcnes 
cperating in the vertical position 
will always discharge SCJ1e lic:pid 
fran the spigot - oo netter tow 
small tre spigot diarreter is. 

.. ~ mo=-, I 

Allt COllE DIAllETf:ll 
lllDUCH DUE TD 
WALL FIUCTION ONCE 
'Alli CDllt: SUllFAC£ 
APl'llOACHt:I CYCLONE 
WALL --._: 

FIGURE 2.1 
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VOllT!X FINDEA 

/ 

WATEll DISCHAllQES 
fllOM SPIGOT 
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Fig. 2.2 s'hc:Ms the cross sectia'"l of a cyclone 
fitted with a snall JD spigot. The key 
feature of the JD spigot is that, unlike
conventiona.l spigots , the incltrlerl angle is 
greater than 1800. Fig. 2.2 stows that the 
design allows thin layers of liquid to be 
avoided. This rooans that nothing will 
discharge fran a S11Bll spigot wren too 
cyclone is running on water only. 

When the cyclone is qJerated on a slurry, 
cnarse particles acctmtlate at the spigot 
errl. As a result, slurry viscosity at the 
spigot increases, angular velocity drops arrl 
the air care contracts. Slurry discharges 
fran the spigot ooce the critical visoosity 
has been reached. 

If larger JD spigots are used SC11e liquid 
will discharge at all tines. lbwever, the 
quantity will be less than that for 
conventicnal spigots of the sane dianeter. 
This is because the effect of wall friction 
on angular velocity will be lower for JD -
spigots, 1. e. , air ex>re diarreter will be 
greater. 

rEED INLET 

FEED __ 

Alll COllE IUllFACE 
ITAYS AWAY niou -
CYCLONE WALL 

VORT£X FINDER 

I 

""-NO DISCHARGE 
WHILE RUNNING 
OH WATER ONLY 

The effect of JD spigots on sizing efficiency is nnre difficult to prerlict. 
Reducing the percentage of water reEX>rtirq to urrlerf low nust help sizing 
efficiency. However, the thicker slurry layers am different flow p:ltterns at 
the bottan of the c.ycla.e nay have a detrinental affect oo the separatiCXl of 
near size material . 

The cones product dewatering screens used to be tl¥:! bottleneck at the Mt Ne.mm 
Mining Ira1 Ore Beneficiation Plant. At high tonnages water woo.ld µJUI"' off the 
errl of the screens. The feed to these screens cane fran 3 x 30<mn AKW cyclones 
fitted with convelticnal 7Blrm spigots. 

Both a Linatex fishtail a:OO JD spigots were triallErl in an attatpt to overa:trE 

this i:roble:n. '!be Linatex fishtail gave slightly thicker urrlerflows that the 
JD spigot. (A-veraqe urrlerflow noistures of 22.3% vs 23.5% ~ weight\ during 
trials. The a::nventicna.l spigot product had noistures in excess of 30%). 
Despite these results it was decided to persist with JD spigots because they 
we.re so nuch easier to use. The Ll.natex fishtail requ.irErl extra pipework for 
siptari.ng a00 was difficult to tune prqlerly. In practice tl¥:! fishtail had to 
be run at less than the q>tinurn setting tO avoid the risk of cyclooe bogging. 

~ JD spigots had a draiatic effect oo plant capiei ty. 1'le dewatering screen 
discharge noisture is 16\, 1. e. , the JD spigots had reducErl ~ nore than 40% 
~ annmt of water tiat the dewaterirq screens had to rerove per tame of 
product. When the c.yclcnes we.re fittOO with 85nm JD spigots, spigot capacity 
had .becx:IE the plant bottleneck. 

Further tests were run with larger diarreter spigots. water running off the eni 
of the screen cnly ~as a limiting fact.or when lOlirm JD spigots were 
used. 95nm spigots are the current stardard. 95mn spigots gi viie \.lrderflow 
ll'Distures below 25% under nonnal q:ierating cxrditioos. 'Ille lO<mn spigots were 
still giving nu:::ti better results than cnwentiCXlal 78nm spigots. Vortex ti.Ider 
diareter is only llOmn. 

'lWo nests of 30cmrt AKW cyclones with 48mn a::nventional spigots are usErl to 
sep:irate -63 rnicrcn reject slines fran Reichert CD'le feed. ll'lderflow µlip 
density has been fourrl to be less than optirrun for Reichert cx:ne q:eratioo. 

'Ire desliming cyclDnP circuit allowerl tirrm sanples to be taken of cyclone 
urrlerf l~· arrl s.arewrat less than perfect sarrples to be taken of cyclone feed 
arrl ( }VP _ _r t k"" . 



4. 1 laiiat.erir!) Pert~ 

Fig. 4. 1 sh::Ms the relationship between wt% solids in cyclcne urrlerflow and tph 
solids to urrlerflow. The graphs sl"KM Uat JD spigots give higher urrlerflow 
p.llp densities. £\Ten the 55nm JD spigot was still giving ITl.lC:h better results 
than a 48nm conventional spigot. The graphs also stow that JD spigot urrlerflow 
p.llp density is less affected l:rj spigot loading than it is for conventional 
spigots. This is an attractive feature for situations like airs where a 
consistent feed µllp density is desirable. 
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'!he testwork gave enough infonration to allow ralgh partition curves to be 
drawn. Figs 4. 2 and 4. 3 plot 050 and the AIGIE sharµless .irrlex (025/075) 
against tph solids to underflow. 

Fig. 4.2 SOOws that DSO is ex>arser 
far cyclooes fitted with JD 
spigots. This is in line with 
expectations. The JD spigot 
raJDVeS oversize fran a point 
higher in the cyclcne. JD spigots 
are also exp:icted to increase the 
average p.llp density of material in 
the cyclcne. 

Fig. 4.3 sh::Ms that the testwork 
was rx>t precise ernigh to detennine 
whether JD or conventic:n:tl spigots 
give the best sepiratioo of 
pirticles near the size of 
separatioo. 
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Initial tests usin3 85nm JD spigots in the Mt Newman Minin;J cxnes dewaterin3 
cyclcnes sb:Med that the JD spigots lasted for 9 nalths cx:rrpared with 6 nalths 
far 78mn cnwe.nticnal spigots. '!be reascri for this surprisin3 result was 
CDlSidered to be that the theory of JD spigots cp:!ration inplies lower 
velocities in the spigot region. Spigot life was lower for larger JD spigots 
because of higher tonnages arrl high velocities near the spigot. JD 1 OOmn 
spigots last abalt 9 weeks. 

JD spigots did cause higher wear rates at the lx>ttan of the cyclcne ccnical 
se:tion. A distioct groove was foorrl to fonn tlEre. This i:roblen arises 
because the JD spigot prevent all solids discharging when feed goes off. JD 
spigots will also terrl to retain very cx:iarse particles in the lCMer ex>ne 
regioo. Cbnventional spigots sirrply discharge very coarse particles as scxn as 
they reach the spigot . The wear rates were not high enc::J.l9h to be a significant 
problem. 



No special pipework or adjustments are requirErl to use JD spigots. Because 
there is less variatioo in urrlerflow µlip density JD spigots may rawve the 
necessity far adjustable spigots in srne ci.rcunstances. 

7. 0 CD«IlEICH> 

Experience at the Mt N~ Beneficiation Plant has sh:Jwn that JD spigots 
provide a very sinple way of inproving cyclone dewatering perfornance. The 
results of plant testwork were not precise enough to determine whether JD or 
cawenticnal spigots gave the best SEp:lration of particles near the size of 
separatioo. The differences ~to be too snall to be a significant factor 
in cyclone selection. 

JD spigots do increase the siz.e of separatioo. Olarges to cyclcne length or 
gearet.zy nay be required if this is a prd>len . 

. 9.0~ 

The autrors wish to acknowledge tha permissioo given by Mt Newnan Mining Cl:> Fty 
Ltd to µiblish this p:tper". 
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